We have observed a large glitch in the Crab pulsar (PSR B0531+21). The glitch occurred around MJD 58064 (2017 November 8) when the pulsar underwent an increase in the rotation rate of ∆ν = 1.530 × 10 −5 Hz, corresponding to a fractional increase of ∆ν/ν = 0.516 × 10 −6 making this event the largest glitch ever observed in this source. Due to our high-cadence and long-dwell time observations of the Crab pulsar we are able to partially resolve a fraction of the total spin-up of the star. This delayed spinup occurred over a timescale of ∼1.7 days and is similar to the behaviour seen in the 1989 and 1996 large Crab pulsar glitches. The spin-down rate also increased at the glitch epoch by ∆ ν/ ν = 7 × 10 −3 . In addition to being the largest such event observed in the Crab, the glitch occurred after the longest period of glitch inactivity since at least 1984 and we discuss a possible relationship between glitch size and waiting time. No changes to the shape of the pulse profile were observed near the glitch epoch at 610 MHz or 1520 MHz, nor did we identify any changes in the X-ray flux from the pulsar. The long-term recovery from the glitch continues to progress as ν slowly rises towards pre-glitch values. In line with other large Crab glitches, we expect there to be a persistent change to ν. We continue to monitor the long-term recovery with frequent, high quality observations.
INTRODUCTION
PSR B0531+21 (known commonly as the Crab pulsar, due to its position at the centre of the Crab Supernova remnant, SN 1054) is one of the most widely studied members of the pulsar population, exhibiting emission across the entire electromagnetic spectrum. On MJD 58058, the pulsar had a spin frequency (ν) of 29.6Hz and a spin-frequency derivative ( ν) of −3.7×10 −10 Hz s -1 . It is one of the youngest pulsars known, having formed in the supernova of a.d. 1054.
In general, pulsar spin-down is smooth and continuous however the rotation of young pulsars, such as the Crab, is occasionally interrupted by discrete spin-up events known as glitches (see Espinoza et al. (2011) and Yu et al. (2013) for comprehensive reviews of pulsar glitches). These are charac-E-mail: benjamin.shaw@manchester.ac.uk terised by a sudden increase to the rotation rate of the star (∆ν). Typically the young pulsar relaxes back towards the pre-glitch spin frequency after a few days. In addition to ∆ν, the spin-down rate of the pulsar is also observed to increase and relaxes back towards pre-glitch values over many hundreds of days. Often the occurrence of subsequent glitches interrupts the recovery resulting in glitches having a cumulative effect on long-term spin-down (e.g. Lyne et al. 1996) . Occasionally, glitching is seen in older pulsars. In these cases, the pulsar generally exhibits minimal or no recovery towards the pre-glitch spin-frequency and changes to ν are not generally observed (e.g. Shemar & Lyne 1996) . Discovered in 1968 (Staelin & Reifenstein 1968) , the Crab pulsar has been observed daily at 610 MHz by the 42-ft telescope at Jodrell Bank Observatory since 1984, providing a high cadence, long baseline dataset from which to study its rotational behaviour (Lyne et al. 2015) . As of October 2017, the Crab pulsar has been seen to exhibit 24 glitches (Lyne et al. 2015) . These glitches occur at intervals of several years with no clear periodicity between them. The magnitude of the spin-frequency increase is usually of the order 10 −9 < ∆ν < 10 −7 Hz. Glitches in the Crab often exhibit changes to the spin-down rate that do not fully relax back to pre-glitch values, thereby having a long term cumulative effect on the pulsar's rotation. During the period 1995-2009 the pulsar exhibited particularly high glitch activity making the long term study of post-glitch rotation problematic due to interruption by subsequent glitches. The study of three large, relatively isolated glitches, however showed that after the initial increase in ν, the pulsar rapidly (over ∼100 days) recovers a fraction of it's pre-glitch ν. From then on, the pulsar resumes an increase in ν that can be described by an exponential that persists for 2-3 years after the event (Lyne et al. 2015) .
The physical mechanism driving glitch events is not yet fully resolved. Glitches are commonly understood to arise from a two-component model of neutron star structure in which a differential rotation develops between the crust and the neutron superfluid interior (Alpar et al. 1981) . The superfluid interior rotates due to the presence of quantised vortices which are pinned to inner crust lattice sites. Occasionally these vortices become unpinned and a coupling is induced between the interior fluid and the crust. This coupling forces the crust to spin-up resulting in the pulsar being observed to glitch (see Haskell & Melatos (2015) for a recent review of glitch models). The coupling between the inner fluid and the crust is predicted to take place on timescales of less than one minute (e.g., Alpar et al. 1984) . Observations of glitches therefore, offer an opportunity to probe the nuclear physics of neutron star interiors and together with future measurements of neutron star radii, will constrain equations-of-state of ultradense matter.
In this work we report the Crab's 25th observed glitch which occurred on the 2017 November 8 (MJD 58064). The fractional change in the spin-rate was preliminarily measured to be ∆ν/ν = 0.471 × 10 −6 (Shaw et al. 2017; Krishnakumar et al. 2017 ) making this the largest glitch that the Crab has ever been observed to exhibit -more than twice the size of the previous largest. In terms of its amplitude, this glitch is more akin to those consistently seen in the Vela pulsar than any glitch the Crab has previously undergone. The structure of this paper is as follows: The observations and data are described §2, and we present our analysis in §3. We discuss the implications of our results and make concluding remarks in §4 and §5.
OBSERVATIONS
42-ft telescope observations are made using a bandwidth of 5-10 MHz centred on 610 MHz. The time resolution for the observations used here is 0.0330 ms. There are two observations per day with approximate durations of 9 and 3 hours. The data are recorded in 1 minute subintegrations formed from the addition of all pulses which were observed during that time. These data are supplemented by less frequent observations with the 76-m Lovell telescope, also at Jodrell Bank. The Lovell data used here are obtained using a bandwidth of 384 MHz centred on 1520 MHz. Radio frequency interference is mitigated using a median-filtering algorithm as well as manual inspection of individual frequency channels and subintegrations. The cleaned data are integrated over frequency and time to form a single pulse profile for each observation.
Pulse times-of-arrival (TOAs) are formed from the cross-correlation of each observation with a high signal-tonoise (S/N) template profile. The local TOA of the pulse (SAT) is computed by reference to local time standards. SATS are then transferred to the Solar system barycentre with the JPL DE200 ephemeris (Standish 1982) . TOAs are analysed in PSRTIME 1 using a model containing the pulsar's spin-frequency (ν) and its first two time-derivatives, its position and dispersion measure parameters.
3 THE GLITCH OF 2017 NOVEMBER 8
Timing analysis
The difference between the actual TOAs and those predicted by a timing model (the timing residuals) should form a normal distribution about zero if the pulsar's rotation and emission are well described by the model. The physical effect of a pulsar glitch is to increase the spin-frequency of the star causing pulses to arrive progressively earlier than the timing model predicts. This manifests as timing residuals becoming increasingly negative with time.
On the 2017 November 8, the Crab pulsar suffered a large glitch while the pulsar was below the horizon at Jodrell Bank. In order to measure the short term rotation of the pulsar close in time to the glitch, we split the 9 and 3 hours long daily observations into 422 individual 30 minute long observations over the time period 58057 < MJD < 58082. We show the corresponding timing residuals relative to a simple spin-down model in Figure 1 (top panel). These parameters are listed in Table 1 . Prior to the glitch (dashed vertical line), pulses were arriving as predicted by this model. After this, a significant negative gradient is seen showing that pulsar's rotational behaviour has undergone a discontinuous change and a new model is needed. The glitch epoch is determined by generating a pair of timing models that describe the rotation immediately before and after the glitch. The two models share a common epoch that is set to be close in time to the glitch and each makes a distinct prediction of future and past TOAs. The intersection of these two models is taken to be the glitch epoch. We compute this to be MJD 58064.555(3). The bracketed quantity is the 1σ uncertainty on the last quoted digit. The onset of the glitch occurred approximately 5 hours after the end of the last pre-glitch observation and approximately 6 hours prior to the start of the following observation. The values for the step changes in ν and ν are determined by measuring the difference between these values as predicted by each model at the glitch epoch. We find the fractional change in spin-frequency to be ∆ν/ν = 0.51637(10) × 10 −6 .
In order to understand the evolution of the ν and ν over time near the glitch we employ a striding boxcar to fit small, consecutively overlapping segments of data. Each boxcar has a width of 1.5 days within which is contained The evolution of ν with time relative to an initial value of ν (see Table 1 ). A downward deflection represents an increase in | ν |. The data in the lower three panels was computed using a striding boxcar (see text).
individual TOAs from 30 minute long subintegrations. The boxcar strides over the data in steps of 0.3 days and a fit for ν, ν and ν is performed at each stride. The MJD of each fit is set to be halfway between the start and end of the boxcar. The evolution of the ν and ν over 25 days near the glitch are shown in the lower three panels of Figure 1 . In panel B, a comparison between the projected ν based on the pre-glitch data and the measured post-glitch ν indicates that there has been a 'step' in ν. It is difficult to recognise from panel B, what the effect of the glitch on the spin-down rate (manifesting as a change in the gradient of ν with time) is. To resolve this, in panel C we plot the change in ν having subtracted the pre-glitch ν (Table 1 ) from the data presented in panel B. The glitch bears a remarkable resemblance to the Crab glitch of 1989 (Lyne et al. 1992 ) as the initial spin-up of the glitch comprises two componentsan initial unresolved spin-up, denoted by the dotted horizontal line in Figure 1 , followed by a resolved delayed spin-up, in which the value of ν continues to rise for a short time. Following the delayed spin-up, the gradient has a clear negative value, indicating that the spin-down rate has increased. The evolution of the spin-down rate is plotted in panel D and shows clearly the unresolved spin-up, manifested as a rapid increase in δ ν. The delayed spin-up is reflected in the exponential downward inflection in spin-down.
The Crab pulsar's dispersion measure (DM), is known to evolve in time due to the dynamic nature of the Crab Nebula (e.g., Graham Smith et al. 2011) . Therefore applying a constant value for the DM in the timing model can cause the integrated pulse profile to become broadened, sometimes causing a resultant shift in the computed arrival times. To examine the behaviour of the time variable DM in the Crab near the glitch, we employ the striding boxcar method describe above for 200 days of data centred on the glitch epoch. In each 10 day long segment, a fit is applied for rotational parameters up to second order and DM, and we stride over the data in steps of 5 days. The DM evolution over this period is shown in Figure 2 . In the initial ∼80 days, the DM undergoes a ∼1.5 per cent decrease which is typical of events seen in the Crab (e.g., Mckee et al. 2018, submitted) . Near the glitch, the DM is more slowly evolving, indicating that the measured rotational evolution near the glitch is not contaminated by variations in DM. These changes are well-modelled by a DM variation and can be corrected for.
We also fit for the glitch parameters using TEMPO2 2 (Hobbs et al. 2006) . The fit includes rotational parameters up to second order and DM parameters up to first order. We find the magnitude of the initial step to be 1.4233(5)×10 −5 Hz and that of the delayed spin-up to be 1.071(4)×10 −6 Hz. The delayed spin-up rises exponentially with a time constant of 1.703(13) days. The small increase in the spin-down rate is −2.569(8) × 10 −12 Hz s -1 The pre-and post-glitch parameters are listed in Table 1 . The frequency residuals δν relative to the extrapolation of the preglitch rate after subtracting the initial spin-down rate (Table 1) . Lower panel: Frequency derivative residuals δ ν relative to the initial value. A downward inflection represents an increase to the magnitude of the spin-down.
In order to characterise the longer-term behaviour of the Crab pulsar's rotation, we repeat the boxcar stride using lower time resolution data. In this case, the TOAs from each 30 minute-long observation are combined into a single TOA, resulting in 2 TOAs per day allowing us to trade cadence for timing precision, averaging over the short-term transient behaviour very close to the glitch whilst still allowing us to carefully examine the slower recovery. We use data from 100 days prior to the glitch to ∼150 days following the glitch. We set a boxcar width of 20 days, striding in 5 day steps, fitting for values of ν, ν and ν at each stage. The result is shown in Figure 3 . The transient behaviour of the rotational parameters near the glitch are now unresolved. The evolution of ν (lower panel) is consistent with that of other large Crab glitches. Following the initial rapid rise, the value of ν begins rapidly decreasing towards the pre-glitch value. In the glitches of 1989, 1996 and 2004, this partial recovery took ∼150 days after which it underwent a further turnover, increasing in value again over a long-term period of recovery lasting ∼3 years (Lyne et al. 2015) . This results in a permanent increase in ν. At the time of writing, this second turnover into long-term recovery is yet to occur, with the value of ν continuing to decrease towards the pre-glitch value.
3.2 Glitch-associated radiative changes 3.2.1 The integrated radio pulse profile Figure 4 shows the integrated pulse profile of the Crab pulsar at 610 MHz. The profile is composed of three main components. The main pulse (MP) and the interpulse (IP) occurs at pulse longitudes of ∼8 ms and ∼22 ms respectively ( Figure  4 ). Leading the main pulse by ∼1.5 ms is a precursor component (PC) that decreases in power with increasing observing frequency. At 1.4 GHz this component is very weak or not detected. An additional, fourth weak component leads the PC and is seen in both 610 MHz and and 1.4 GHz observations, however this only becomes visible when many profiles are summed (Lyne et al. 2013 ).
Changes to the morphology of the radio pulse profile are not normally associated with glitch events. If the glitch is triggered by an alteration in the conditions of the neutron star interior, it is not clear how this could induce changes in the configuration of the external magnetic field or the rate of pair creation, thereby leading to variability in the pulse profile. Such behaviour has been observed however, in two radio pulsars. The young, isolated, high-magnetic-field pul- sar PSR J1119−6127 has undergone two large glitches with which coincident changes to the radio emission and pulse shape were seen (Weltevrede et al. 2011; Antonopoulou et al. 2015; Archibald et al. 2017 ).More recently, the Vela pulsar was shown to exhibit dramatic changes to the pulse profile and arrival times during the 2016 December glitch (Palfreyman et al. 2018) . Using daily observation of the Crab pulsar with the OOTY radio telescope at 300 MHz, Krishnakumar et al. (2017) noted that the ratios of powers between each pulse component changed after the glitch. Specifically MP/IP, MP/PC and IP/PC all reduced respectively by factors of 1.2, 1.3 and 1.1. This together with the large magnitude of ∆ν prompts us to investigate the possibility of glitchassociated radio emission changes. Pulse profiles are obtained for each individual 610 MHz and 1520 MHz observation from MJD 58016 to MJD 58083. For the 610 MHz data, where an observation begins less than 8 hours later than the previous one ended, the two observations are added together resulting in ∼1 observation per day over this period.
Gaussian functions are fitted the to individual pulse profiles in order to model the individual profile components according to the procedure outlined in Lyne et al. (2013) . The fit parameters for each Gaussian (the components' amplitudes, widths and positions) are used to quantify the evolution of the entire pulse over the MJD range of interest. Figure 5 shows the evolution of the widths at 50 per cent of the amplitude (W50) for each component and the ratios of the powers of each component in the 610 MHz data (upper plots) and the 1520 MHz data (lower plots). The power in each component is evaluated by computing the product of its W50 and its amplitude. Due to its weakness, in the 1520 MHz data, we do not include the values for the PC component. Each data point represents one day of observations with the associated 1σ errorbars obtained from the Gaussian fit parameters. There are no significant differences between the component widths before and after the glitch in neither the 610 MHz or the 1520 MHz data (left panels), nor are there any indications of transient changes to the widths near the glitch epoch. Similar stability is seen when considering the ratios of the total power under each component (right panels). In addition, we average 7 days of 610 MHz data either side of the glitch and compare the power ratios, finding no significant differences between the two profiles. Therefore we find no evidence to suggest that the structure of the pulse profile was affected near the glitch at 610 MHz or 1520 MHz.
X-ray emission
As young (though typically more strongly magnetised) pulsars have been shown to undergo high-energy radiative changes near large glitches (e.g., Gavriil et al. 2002; Weltevrede et al. 2011; Antonopoulou et al. 2015) , we examine the light curve of the Crab pulsar in X-rays to search for similar events close in time to the November 2017 glitch. The Burst Alert Telescope (BAT) on-board the Swift satellite (Gehrels et al. 2004 ) routinely monitors the Crab. Light curve data in the energy band 15-50 keV are available from February 2005. These light curves are produced by the Swift-BAT hard X-ray transient monitor, which utilizes the "scaled-map data" collected onboard as part of the process that searches for GRB triggers (see more details in Krimm et al. 2013) .
Light curve data from the BAT are produced soon after observations are performed. As Swift completes several pointings of the Crab per day, average fluxes are produced for each individual observation (the orbital light curve). Additionally, a daily average flux is produced by computing the weighted mean of all fluxes measured over a given day. The orbital and daily light curves for the Crab pulsar, close in time to the November 2017 glitch are shown in Figure 6 (left panels).
There are no obvious changes in the BAT light curve (15-50 keV) associated with the glitch. We note that a large number of the BAT scaled maps that are collected around Nov. 7, 2017 suffer from the so-called "overflow problem" due to the extreme outburst of the Be/X-ray binary Swift J0243.6+6124. This "data overflow" problem occurs when the collected counts exceed the maximum value that can be stored in the scaled map. As a result, the counts saturated with the extra counts are wrapped around and stored as extremely low values. These low values are thus not real and are removed 3 .
We also examine the Crab light-curve data from the Monitor of All-sky X-ray Image (MAXI) on board the International Space Station (Matsuoka et al. 2009 ). MAXI produces daily light curves in the energy bands 2-20 keV, 4-10 keV and 10-20 keV as well as in the total band 4-20 keV. There are no significant changes to the X-ray flux in any of the MAXI energy bands (Figure 6 , right panel). We therefore do not identify any changes to the 2-50 keV X-ray flux from the Crab pulsar that are associated with the November 2017 glitch.
DISCUSSION
The observed rotational history of the Crab pulsar now includes 25 glitches. The most recent glitch is the largest ever recorded in this source with a fractional, partially resolved spin-up ∆ν/ν ∼ 0.516 × 10 −6 . This is more than twice the size of the previous largest which occurred in March 2004. The glitch amplitude of the 2017 event is comparable to those seen in the Vela pulsar (see Figure 7) , whose glitches are consistently large with ∆ν/ν ∼ 10 −6 (Yu et al. 2013) . Though the onset of the glitch occurred whilst the pulsar was not being observed, our long dwell-time and daily monitoring of the Crab has allowed us to identify the glitch just hours after it commenced, as well as resolve very short-term transient behaviour around the glitch epoch, including a delayed spin-up of the pulsar during the glitch itself.
In previous large glitches (that are relatively isolated in time), the Crab has demonstrated a unique behaviour in terms of how the long-term recovery of ν progresses. The value of ν undergoes a rapid increase in magnitude (i.e., becoming more negative), typical of other young glitching pulsars, before rapidly declining in magnitude over several months, but only part-way towards the pre-glitch value. Following this, the magnitude of ν rises exponentially again over a timescale of ∼3 years. This results in large glitches leaving a long term persistent offset in the value of ν over time (see Lyne et al. (2015) , Figure 3) . At the time of writing, insufficient time has elapsed since the 2017 glitch to truly understand the long term recovery. Nevertheless, the magnitude of ν is undergoing a rapid decline, following its initial increase, that is typical of previous Crab events (see Figure  3) . Lyne et al. (2015) demonstrated, using 15 Crab glitches, that the value of the persistent offset ∆ ν p is loosely dependent on ∆ν via the relation (see Figure 5 therein),
If this relation is applicable also to this glitch then after approximately three years we expect the persistent offset to have a value of ∆ ν p ∼ 1 × 10 −12 Hz s -1 corresponding to a permanent fractional increase in ν, due to the glitch, of ∼3 per cent, provided that no subsequent glitches occur during that time.
The Crab glitch size distribution
In Figure 7 , we show the difference in glitch amplitudes between the Crab and Vela pulsars as the rotation of these frequently glitching sources has historically been the focus of much study. Prior to the latest Crab glitch, Vela (dashed line) has almost consistently exhibited larger (∆ν ∼10 -5 Hz) , more narrowly distributed glitches than the Crab (solid line) since observations of both sources began. The Crab undergoes a much wider distribution of glitch sizes, spanning four orders of magnitude. The smallest Crab glitch to date had a ∆ν = 5 × 10 −8 Hz -roughly an order of magnitude smaller than the smallest glitch in Vela. The lack of large Crab glitches has been attributed to the relative youth of the pulsar (e.g., Wang et al. 2012) . Younger pulsars are expected to have a greater oblateness due to their higher spin-rates (e.g., Ruderman 1969; McKenna & Lyne 1990 ). Older pulsar surfaces are cooler, resulting in stresses building up in the surface due to spindown. Relief from this stress, in the form of crustquakes, has the effect of suddenly reducing the moment of inertia of the star, thereby increasing the rotation rate. In younger pulsars whose surfaces have a higher temperature, the surface stresses are less able to accumulate due to greater surface plasticity, resulting in smaller glitches. The fact that the Crab has exhibited a glitch comparable in magnitude to the Vela pulsar (τ char ∼ 11, 000 years), and that large glitches have been observed in hot young pulsars that also undergo magnetar-like X-ray bursts (e.g., Weltevrede et al. 2011; Antonopoulou et al. 2015; Archibald et al. 2017) is inconsistent with such a model. Espinoza et al. (2014) demonstrated that the distribution of glitch sizes in the Crab can be adequately described by a power law of the form,
where ∆ν min and ∆ν max are the minimum and maximum glitch sizes, respectively, in the sample. The power law index was calculated to be α = 1.36. In order to compute whether the glitch size distribution remains consistent with this power law, we recalculate α using an updated sample that includes the November 2017 glitch. To do this we employ the maximum likelihood method to estimate the most likely value for α. Glitches that occurred prior to 1984, when daily monitoring began, are not included as the sample up to this date may not be complete. We also exclude the February 1997 (MJD 50489) glitch as its classification as a glitch is uncertain (Wong et al. 2001) due to the timing residuals near this event being more characteristic of timing noise. We note that this event was also not included in the power law analysis in Espinoza et al. (2014) . With ∆ν min = 0.05µHz and ∆ν max = 15.21µHz, we find α = 1.36 ± 0.11. This value is consistent with that calculated in Espinoza et al. (2014) , showing that the November 2017 event could arise from the same underlying distribution. Figure 8 shows the cumulative distribution function of post-1984 glitch sizes in the Crab and the associated power law fit (dashed line). In order to quantitatively test the hypothesis that the measured glitch amplitudes are drawn from the power law distribution we compute the Kolomogorov−Smirnov (KS) test statistic D = 0.1 and its associated P-value, P = 0.9. There is no evidence therefore that the observed sample is not drawn from the model distribution. The fact that glitches in some individual pulsars follow a power law distribution of sizes is consistent with the hypothesis that avalanche processes underpin their occurrence (Melatos et al. 2008 ). In such a process, the behaviour of individual components (in this case the superfluid vortices) is dominated by local near neighbour forces rather than long timescale external driving forces (e.g., the growing lag between the crust and fluid interior velocities). In this model, a fraction of the vortices in the fluid interior are pinned to defects or lattice sites in the inner crust. As the rotating superfluid slows, free vortices move outward and are lost at the edges of the fluid, creating a vortex density that is radially inhomogeneous. This causes a local increase to the forces on pinned vortices which, above some threshold, overcomes the pinning force and causes the vortex to unpin. As this unpinning causes further perturbations to the velocity of superfluid, other nearby loosely pinned vortices become unstuck from their lattice sites, triggering an avalanche. As these newly freed vortices are now able to move outwards towards the inner crust, the rotational velocity of the crust increases to compensate. If avalanche processes are responsible for pulsar glitches then a power law of the form of Equation 2 should describe the glitch size distribution for individual pulsars. The Crab glitch size distribution has been previously shown to conform to such a power law (e.g., Melatos et al. (2008); Espinoza et al. (2014) ) and the large 2017 glitch does not result in a departure from the Avalanche model. Avalanche processes do not conform to any particular scale, allowing a wide range of glitch amplitudes such as those seen in the Crab. Conversely, the Vela pulsar's narrowly distributed and quasi-periodic glitching behaviour is symptomatic of a process which is dominated by global (e.g., the fluid-crust lag) rather than local near-neighbour forces.
Although within the bounds of the largest and smallest Crab glitches, the size distribution follows a power law relation, the substantial minimum glitch size (corresponding to the power-law cut-off at low ∆ν) demonstrated by Espinoza et al. (2014) does not truly meet with the 'scale invariance' requirement of systems driven by avalanche dynamics. However, Haskell (2016) showed that the effects of superfluid dynamics are consistent with the existence of a minimum glitch size, whilst vortex unpinning events can still obey scale invariance.
Glitch waiting times
In addition to being the largest glitch observed in the Crab pulsar, the 2017 event occurred after the longest period of glitch inactivity (2189 days) since 1984. Figure 9 (left panel) shows the size of all post-1984 Crab glitches against the time since their preceding glitches (defined here as the waiting time ∆T). Though a weak correlation is apparent, we note that this is strongly dominated by the 2017 event and a small number of small glitches have occurred after long waiting times. Nevertheless, it is interesting that no large glitches have occurred after short intervals of inactivity. We compute the Spearman Rank correlation coefficient (SRCC) between ∆ν and ∆T to be 0.40, indicating a moderate correlation between the two quantities.
In order to test the dependence of the SRCC on any one of the 20 members of the sample shown in Figure 9 , we recalculate the SRCC 20 times, each time with one of the data points subtracted. We find that values of the SRCC range from 0.30 to 0.51. The lowest value of 0.30 occurs when the 2017 event is not included in the SRCC calculation, indicating that this event has a significant effect on the correlation. That said, in all cases, the correlation remains positive.
Despite the apparent correlation, given the small sample size, it remains possible that the observed distribution of sizes and waiting times has arisen by chance. To evaluate the probability of this we assume that the values of ∆ν and ∆T are random and are each draws from log-uniform distributions. We randomly draw 20 values of each quantity, bound by their minimum and maximum observed values, form 20 ordered pairs and calculate the SRCC. We repeat this 10 7 times. As expected, the distribution of resulting SRCCs is a Gaussian distribution with a mean value of zero. The standard deviation (σ) of SRCCs is 0.23. The SRCC corresponding to the sample in Figure 9 is 1.8σ away from the mean. We therefore conclude that the probability of the observed ∆ν −∆T distribution arising by chance is 7 per cent.
A waiting time dependence where larger glitches occur after longer periods of glitch inactivity could be the consequence of a supply of stored angular momentum that becomes fully deposited into the crust at a glitch (the reservoir effect). Conversely a correlation between the glitch amplitude and the time until the next glitch would imply that glitches are triggered when a critical lag is reached between the superfluid and the crust. PSR J0537−6910 exhibits such a correlation very strongly (Antonopoulou et al. 2018; Ferdman et al. 2018 ) however we find no such correlation in the Crab pulsar.
If glitches are statistically independent events (in other words, the probability of the occurrence of glitch i is independent of the time since glitch i−1), then the distribution of waiting times should follow a Poissonian probability density function of the form
where λ is the mean waiting time. It has been demonstrated, prior to the 2017 event, that the distribution of waiting times for the Crab pulsar is well described by Poissonian statistics (e.g., Wong et al. 2001; Melatos et al. 2008; Wang et al. 2012 ). We show a cumulative distribution of glitch waiting times, updated to include the 2017 event, in Figure 9 (right panel). Fitting a Poisson model to the data yields a mean waiting time of λ = 524 days. Predictably, due to the long interval between the 2017 event and its predecessor, this is somewhat greater than the value computed in Wang et al. (2012) (λ = 419 days), whose sample differed to ours by only the latter two Crab glitches. We compute the KS statistic between our data and the Poisson model to be D = 0.1 with an associated P-value, P = 0.9 indicating good agreement.
The partially resolved spin-up
The initial unresolved spin-up amplitude of the November 2017 glitch was measured to be ∆ν = 14.2 µHz. This constitutes approximately 93 per cent of the total spin-up amplitude. We place an upper limit on the rise time of the unresolved component of ∼6 hours -corresponding to the time between the glitch epoch and the commencement of the first post-glitch observation. The remaining 7 per cent (∆ν d = 1.1 µHz) was resolved in time over a period of τ d = 1.7 days. In the Crab pulsar, this is the third reported instance of a partially resolved spin-up. The spin-ups of the 1989 and 1996 glitches were partially resolved in time over 0.8 days and 0.5 days respectively. These spin-up timescales are substantially greater than those predicted by fluid-crust coupling models (e.g., Alpar et al. 1984) . The Crab may be unique in this respect. Unfortunately, resolved spin-ups (partial or otherwise) have only ever been observed on these three occasions. In contrast, the Vela pulsar's 2016 December glitch occurred whilst the pulsar was being observed (Palfreyman et al. 2018 ) and the total spin-up (∆ν = 16.0 µHz) was seen to occur in ∼5 seconds Delayed increases in the spin frequency have been attributed to a fraction of the unpinned vortices moving inwards towards the core (Alpar et al. 1996) , post-glitch impedance of the inward motions of vortices (Ruderman et al. 1998) ,deposition of thermal energy into the crust (e.g., through starquakes) (Larson & Link 2002) and most recently to the formation of vortex sheets (Khomenko & Haskell 2018) . We note that in the three occasions where extended spin-ups have been observed, the glitches were comparatively large (∆ν = 2.4 µHz for the 1989 glitch and ∆ν = 1.0 µHz for the 1996 glitch). No such behaviour has been observed to date in smaller glitches even though in some cases, observations began within hours of a glitch epoch supporting the hypothesis made in Wong et al. (2001) that extended spin-ups are only a feature of larger Crab glitches. We also note that in the three Crab glitches in which extended spinups were observed, larger glitch amplitudes ∆ν correspond to longer rise times τ d however, many more large glitches would be required to verify whether any genuine correlation exists.
CONCLUSIONS
Using daily, long dwell-time observations of the Crab pulsar (PSR B0531+21) at 610 MHz and additional observations at 1520 MHz, we have observed and measured the largest glitch in the source since observations of it began in 1968. In November 2017, the pulsar underwent a total spin-up of ∆ν = 1.53037(30) × 10 −5 Hz. This corresponds to a total fractional spin-up of ∆ν/ν = 0.51637(10) × 10 −6 . This makes the November 2017 event more than twice the size of the previous largest Crab glitch in March 2004. We also measured a change to the spin-down rate of −2.569(8) × 10 −12 Hz s -1 . We summarise our analysis below:
• The glitch of November 2017 is similar in size to those consistently exhibited by the Vela pulsar (PSR B0833−45). The sizes of Crab glitches are now known to span more than three orders of magnitude. The size distribution of the Crab pulsar's glitches remains consistent with a cut-off power law distribution computed in previous studies (e.g., Espinoza et al. 2014 ) with a power law index α = 1.36.
• 7 per cent of the total spin-up was resolved in time over a timescale of 1.7 days. Partially resolved spin-ups were also seen in the Crab glitches of 1989 and 1996.
• Though subtle changes to the amplitudes of the radio profile components were claimed at 327 MHz, within the sensitivity of the 42-ft and Lovell telescopes, no such changes are seen at 610 MHz or 1520 MHz.
• Using light curve data from the Swift-BAT instrument, we find no glitch-associated changes to the X-ray flux from the Crab in the energy band 15-50 keV. The same is true in the energy band 2-20 keV observed with the MAXI instrument.
• Though largely dominated by the 2017 glitch, a correlation between the glitch amplitude and the time since the last glitch (the waiting time) is apparent. Monte-carlo simulations show that there is a 7 per cent probability that this correlation is false. We also note an absence of large glitches after short periods of inactivity.
• At the time of writing, the pulsar continues to undergo medium term recovery from the glitch and this continues to be monitored daily. In addition to the rapid spin-up, a large initial increase in the magnitude of ν is observed that is followed by a partial recovery towards the pre-glitch ν over a period of ∼100 days. Following this, in line with other large Crab glitches, we expect ν to exponentially decrease again over a period of years, provided the long-term recovery is not interrupted by future glitches.
